The injury patterns resulting from fatal high (˃3 m) free falls have previously been documented in clinical and medico-legal contexts; however, details relating specifically to the skeletal blunt force trauma (BFT) have been limited. This study aimed to augment what is known of the skeletal fracture patterns resulting from fatal high free falls. Skeletal trauma was analyzed from full-body postmortem computed tomography scans of 95 individuals who died following a high free fall. Fracture patterns were documented using the five general anatomical regions, axial and appendicular regions, and postcranial unilateral and bilateral regions. Patterns were analyzed in the context of the extrinsic and intrinsic variables that may influence fractures using multiple logistic regression. Fracture patterns involved all aspects of the skeleton, with 98.9% exhibiting polytrauma, and were influenced primarily by the height fallen, manner of death, and landing surface. This improved understanding of fracture patterns will augment anthropological interpretations of the mechanism of BFT in cases of suspected high falls.
KEYWORDS: forensic science, forensic anthropology, high free fall, skeletal trauma, blunt force trauma, fracture pattern, postmortem computed tomography Free falls from a height (˃3 m) constitute a high-energy vertical deceleration event that may result in fatality. Circumstances in which these fall events occur are usually intentional (i.e., jump), but can sometimes be accidental (i.e., slip/trip) and, more rarely, homicidal (i.e., push/kick), and they typically involve a bridge or elevated structure (e.g., high-rise balcony/roof). This particular mechanism of trauma occurs less frequently than most other fatal fall types (e.g., falls involving stairs, low free falls, and falls from standing heights), because high free falls rarely occur during regular daily living activities.
As the circumstances of each high free fall event are unique, the distribution of the resulting skeletal blunt force trauma (BFT) is often complex. This degree of complexity means that when cases of skeletonized human remains with BFT are recovered, and the circumstances surrounding the mechanism of that trauma are unclear but suggestive of a high fall, it is challenging for forensic anthropologists to establish the mechanism as a high fall from the fracture pattern alone. Anecdotal forensic anthropology case studies have highlighted this difficulty. Anthropologists have been required to differentiate the skeletal BFT resulting from a high fall with other types of trauma from an assault (1); differentiate the skeletal BFT resulting from vertical deceleration (i.e., impact from a fall) with horizontal deceleration (i.e., impact from a motor vehicle) (2) , and have been required to re-create the circumstances of an individual's fall from their pattern of BFT alone (3) . For anthropologists to accurately identify the BFT that results from the high fall in these types of complex BFT cases, it is first imperative to understand the possible fracture patterns that may result from a fatal high fall.
Trauma research investigating fracture patterns resulting from fatal high free falls have, in comparison to other types of fatal falls, been well documented (4) . This research however, has primarily focused on documenting injury patterns for clinical medicine and forensic pathology applications which, as detailed in Rowbotham and Blau (4) , are typically insufficient for forensic anthropology purposes. Within the context of informing injury prevention, clinical medicine research has examined injury patterns resulting from high falls based on the variables that influence a fall (5) ; the role/contribution of injuries and the fall's associated variables to mortality (6) ; clinical experiences with the management of these types of trauma cases (7) (8) (9) (10) ; differentiating jumps (i.e., suicide) from falls (i.e., accident) (11) ; and simply presenting the types of possible injury patterns that may result from this BFT mechanism (12, 13) . Forensic pathology research has investigated high fall patterns of injury in two contexts. First, to document the epidemiology of fatal falls in specific populations, which includes providing details of injury patterns for cases that are either specifically suicides (14) (15) (16) (17) or cases that cover all manners of death (18) (19) (20) (21) . Second, to specifically investigate the injury patterns that result from high falls in relation to mortality and/or the circumstances and manner of the death (22-24).
As skeletal injuries are a major component of high fall trauma, clinical practitioners and forensic pathologists have considered hard tissue trauma in their injury analyses; however, the level of this detail has been varied. Typically, skeletal trauma detail is referenced to the general anatomical regions of the body traumatized (e.g., fractures of the lower extremities) and details of skeletal injuries are not always differentiated from soft tissue injuries. Furthermore, in the clinical contexts, the skeletal injuries of individuals who have died are not always distinguishable from injuries of those who survived the trauma. Consequently, although research in these disciplines does inform anthropological examinations, the sparse detail pertaining to fracture patterns ensures their value in augmenting forensic anthropological analyses is restricted.
Injury pattern research specifically pertaining to skeletal fractures has been documented in some clinical and anthropological work. Clinically, Gulati et al. (25) and Teh et al. (26) have detailed the specific skeletal elements traumatized as a result of high falls. The nature of these trauma cases primarily comprising survivors however, means that the translation of these fracture patterns to cases of medico-legal significance (i.e., fatal) is limited, as fracture patterns are markedly different in survivable falls compared to fatal falls. Research that is specifically applicable to forensic anthropology practice has investigated fracture patterns resulting from bridge jumpers (27) ; the relationship of fracture patterns to the factors that influence a fall such as height and the manner of death (28, 29) ; and anecdotal cases that highlight the variety of possible fracture patterns resulting from this fall type (30) . This clinical and anthropological research provides some valuable detailed analyses of the skeletal elements susceptible to fracturing from this fall mechanism, as well as some details of the relationship of the fall circumstances relative to the distribution of those fractures. Both of which assist in augmenting the anthropologist's analysis and interpretation of skeletal BFT in cases of suspected high free falls.
The aim of this study was to further validate and strengthen these anthropological, clinical, and pathological findings for medico-legal purposes, by further investigating in detail, and in the context of the variables known to influence trauma, the skeletal fracture patterns that result from fatal high (˃3 m) free falls.
Materials and Methods
A retrospective review of individuals who died following a fall from height in Victoria, Australia, between 2005 and 2014 was undertaken using the National Coronial Information System (NCIS) online database (31) . Cases which documented the individual's intrinsic variables (i.e., age, sex, body mass index (BMI), psychoactive drug use, and pre-existing mental/physical conditions) and extrinsic variables (i.e., height fallen, manner of death, and landing surface) were included in the study. All cases were situations where the fall event was witnessed and so the fall was known to be the cause of trauma. None of these falls, as far as was possible to ascertain from the NCIS documentation, were falls where an object was impacted during the descent. A total of 95 cases met this study inclusion criteria.
The forensic pathology examination for each of these cases was conducted at the Victorian Institute of Forensic Medicine (VIFM) where, upon admission to the institute, the deceased underwent a routine full-body postmortem computed tomography (PMCT) scan (32 VB10B multimodality image viewing package. Each DICOM dataset comprised one small field-of-view (FOV) scan reconstructed at 1 mm contiguous slice thickness to view the head and neck (i.e., skull and cervical vertebrae) and one large FOV scan reconstructed at 2 mm contiguous slice thickness to view the body (i.e., remaining postcranial skeleton). In certain cases, the large FOV did not encompass the full postcranial skeleton. This was due to either the position of the remains within the bore of CT gantry when scanned, and/or if the individual was particularly obese or tall and thus did not fit within the FOV parameters. Thus, it must be considered that some skeletal fractures, particularly those of the feet and elbows, may not have been scanned and so could not be accounted for.
Skeletal trauma was recorded as present or absent for each of the 206 skeletal elements. For the purpose of descriptive statistics, the skeleton was grouped into 42 regions (Table 1 ). For the purpose of statistical analyses, fracture patterning was interrogated by the five general anatomical regions (i.e., skull/cervical vertebrae, thoracic cavity, upper extremities, pelvic girdle/lumbar vertebrae, and lower extremities), by the axial and appendicular regions, and by the unilateral and bilateral postcranial regions (i.e., ribs, upper extremities, os coxae, and lower extremities). Using the Statistical Package for the Social Sciences (SPSS) version 24, Fisher's exact tests were first employed to identify which of the recorded NCIS variables were associated with skeletal trauma at a significance of p = ≤0.25 (33) . The variables that showed significant relationships were then included in multiple logistic regression (backward Wald stepwise) models. For each model, odds ratios (OR) were used to describe the predicted likelihood of skeletal fracturing occurring in the context of the significant variable/s. Statistical significance was accepted at p = ≤0.05. Predictive probabilities for each model were then tested for accuracy using the receiver operating characteristic and Hosmer-Lemeshow test.
Ethics approval for the research was granted by the Victorian Institute of Forensic Medicine Research Advisory and Ethics Committee (EC 7/2015).
Results
The circumstances of the 95 fatal high (˃3 m) free falls in this study were primarily jumps from bridges/overpasses (n = 27) and buildings (n = 44), and accidental falls from buildings (n = 9). There was one case of homicide where, during an assault, an individual was pushed out of a window. Details of the study population's intrinsic and extrinsic variables are documented in Tables 2 and 3 .
All 95 individuals exhibited BFT and this trauma involved all 42 regions of the skeleton. Of the 95 cases, one individual (1.1%) exhibited trauma to only a single skeletal region, an accidental fall off a 4 m high ladder, while the remaining 94 individuals (98.9%) exhibited polytrauma (Fig. 1) . Distribution of fractures by height (Fig. 2) and by manner of death (Fig. 3) showed that all aspects of the skeleton were susceptible to fractures and that the frequency of these fractures were consistent regardless of the fall height involved and if the fall was an accident or suicide. Overall, fractures of the axial skeleton occurred slightly more frequently than the appendicular skeleton; a ratio that was fairly consistent across the three height ranges (i.e., 3-25 m, 26-50 m, and ≥51 m) and the two primary manners of death (i.e., accident and suicide). The single homicide case exhibited fractures of the skull base and thoracic vertebrae only. Distribution of fractures by the surface landed on exhibited a contrasting pattern (Fig. 4) . While all skeletal elements were susceptible to fracturing with both deformable and nondeformable landing surfaces, there was a substantial increase in the frequency of fractures, particularly in the axial region, in falls onto nondeformable surfaces compared with falls onto deformable surfaces.
When assessed by the five general anatomical regions, the distribution of fractures across the postcranial skeleton was associated with a number of variables (Table 4) . Individuals were more likely to fracture their thoracic cavity if they intentionally jumped (OR 13.9) and their upper extremities if they were under the influence of psychoactive drugs (OR 16). Fractures of the pelvic girdle/lumbar vertebrae were more likely to occur if an individual was under the influence of psychoactive drugs (OR 6.8) and landed on nondeformable surfaces (OR 9.2). Individuals were also more likely to fracture their lower extremities if they intentionally jumped (OR 12.1) and/or landed on nondeformable surfaces (OR 7.1).
Fractures of only the axial skeleton occurred in 12 individuals (12.6%), with the remaining 83 individuals (87.4%) fracturing both their axial and appendicular skeleton. No individual fractured only their appendicular skeleton. Individuals who intentionally jumped and/or landed on nondeformable surfaces were less likely to fracture only their axial skeleton (OR 0.04 and OR 0.02, respectively) and thus were more likely to fracture both their axial and appendicular skeleton (OR 28.1 and OR 48, respectively), than individuals who accidentally fell and/or landed on deformable surfaces (Table 5) . Postcranial bilateral fractures consistently occurred in these high free falls. Bilateral fractures across the postcranial skeletal elements (i.e., a combination of ribs, upper extremities, os coxae, and/or lower extremities) were more likely to occur if the landing surface was nondeformable (OR 14.2) and if the individual jumped rather than fell (OR 10.1) (Table 6 ). Comparatively, postcranial unilateral fractures were less likely to occur if the landing surface was nondeformable (OR 0.1) (see Table 6 ). These fracture patterns are further exemplified by the bilateral and unilateral fracture patterns resulting from the individual postcranial regions (i.e., ribs, upper extremities, os coxae, and lower extremities) (see Table 6 ). Those who jumped and/or those who landed on a nondeformable surface were more likely to 
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fracture their ribs bilaterally (OR 6.2 and OR 5.3, respectively). Rib fractures were also more likely to be bilateral (OR 3.1), and subsequently less likely to be unilateral (OR 0.1), if the individual was overweight/obese, compared with those who were of an under/normal weight. Fractures of the upper extremity were more likely to occur bilaterally if the individual intentionally jumped (OR 5.4), and were less likely to occur unilaterally as the height of the fall increased from 3-25 m to ≥51 m (OR 0.2). Bilateral fractures of the os coxae were more likely to occur as the height of the fall increased (OR 2.8 and OR 6.2 respective to height), and thus unilateral fractures were less likely to occur as the fall height increased (OR 0.2 and OR 0.2 respective to height). Bilateral os coxae fractures were also more likely to occur if the landing surface was nondeformable (OR 13.6). Unilateral os coxa fractures were less likely to occur in individuals who were older (≥35 years) (OR 0.3) and/or individuals who were overweight/ obese (OR 0.3). Bilateral fractures of the lower extremities were more likely to occur if the individual intentionally jumped (OR 13.5) and/or landed on a nondeformable surface (OR 8.4).
Discussion

Extrinsic and Intrinsic Variables
The variables that primarily influenced how fractures distribute across the body in these high (˃3 m) free falls were the physical properties of the fall (i.e., height fallen and landing surface) and the manner of the death; that is, the extrinsic variables. These same variables have been found by Warner and Demling (34), Snyder (35) , and Tan and Porter (36) to have the most effect on high fall fracture patterns.
The variable of height plays a significant role in fracturing, not surprisingly, as the height of an individual's fall is directly proportional to the velocity of their body on impact (37) . That is, the vertical deceleration energy on impact increases as the height fallen increases, and so the higher the fall, the greater the distribution and severity of the fractures on impact (e.g., 16, 38) .
The landing surface also influences the distribution and severity of skeletal trauma because, as Warner and Demling (34) and Tan and Porter (36) note, the principles of physics dictate that the type of surface material determines the duration of the impact on landing. In cases where the landing surface is nondeformable (e.g., concrete and bitumen), the duration of the impact is very short; that is, there is an abrupt deceleration force to the body on impact. Because these types of surface materials can not attenuate the deceleration forces, almost all of the energy generated from the fall is transmitted to the body (34) . Deformable surfaces by comparison, which were all water in this study, allow for a longer impact duration because the body is able to move through the surface material (35) . In these cases, there is some time for the landing surface material to attenuate some of the deceleration force on impact, and thus, less energy is transmitted directly to the body. Consequently, fewer fractures are likely to result from landings on deformable surfaces than landings on nondeformable surfaces. Furthermore, because a body moves through water, individuals who land on a deformable surface sustain only one landing position and thus are not subjected to additional impacts, or 'bounces', that landing on nondeformable surfaces entail; this would again minimize the distribution and severity of fractures. It should also be noted that, although fractures resulting from landings on deformable surfaces may not be as severe as those resulting from landings on nondeformable surfaces, and in some cases they are arguably insufficient to alone have caused fatality, such fractures may lead to other complications like drowning (e.g., 27,39), which in turn results in the fatality.
The manner of death (i.e., suicide or accident) may influence both the landing position and the height fallen, and thus this variable also effects the distribution of fractures. Different landing positions have been hypothesized for different manners of death. Teh et al. (26) have suggested that individuals who intentionally jump tend to land feet-first, and Christensen (40) has suggested that those who are unconscious (i.e., possible accident or homicide cases) tend to align in the natural gravitational position of horizontal during a fall. These different landing positions result in markedly different distributions of fractures (35, 41) . With regard to the height fallen, individuals who jump tend to do so from greater heights than individuals who accidentally fall (e.g., 29, 42) . This is likely because individuals who intentionally jump are deliberately seeking the greatest height available to them (e.g., 43), while accidental falls occur on a daily basis and so typically involve lower heights associated with daily activities (e.g., multilevel car park or the roof of a double-story house). As the height informs the deceleration velocity transmitted to the body on impact, the greater heights usually involved with intentional jumps mean suicides are more likely to result in a greater distribution and severity of fractures than accidental falls.
Furthermore, the extrinsic variable of landing position, although it could not be accounted for in this study (see Limitations), may also influence the distribution of fractures. The nature of these high-energy vertical deceleration events mean that, upon impacting the landing surface, the body is susceptible to both direct and indirect forces. Both types of forces may result from any landing position; although the occurrence of both forces is usually more apparent in vertical landing positions (i.e., head-, feet-, or buttock-first impacts), where there is substantial body surface for the energy to dissipate through after the initial impact. An individual's susceptibility to both direct and indirect forces with these falls, from both primary and secondary/bounce impacts with vertical and horizontal landing positions, means a widespread distribution of fractures is common; an observation highlighted anecdotally by Rowbotham (30) .
Intrinsic variables have been found by Lapostolle et al. (44), _ Ic ßer et al. (45) , and Obeid et al. (22) to also influence fractures from a high fall. Findings from this study however, demonstrate that intrinsic variables have little influence on fracture patterns when the extrinsic variables of the fall are also considered. The presence of pre-existing mental/physical conditions, while possibly influencing how and why the fall event occurred, showed no association with fracture patterns. Similarly, the variables of age and sex played only a minor role in influencing fracture patterns; a result not unexpected given that the population demographic primarily comprised healthy young and middle-aged adults. The variables of psychoactive drugs and BMI did influence the distribution of fractures. In this study, psychoactive drugs were present in most of the suicide cases (71%), many of the accident cases (42%), and were involved in the one homicide case (100%). Although it is difficult and subjective to infer an individual's mental and physical behavioral response while under the influence of psychoactive drugs, it is possible that the reaction mechanisms of the individuals in this study were altered from the effects of the drugs and that these behaviors may have influenced how they landed. The variable of BMI was largely associated with fractures indirectly as a person's body mass effects their deceleration velocity at impact (34) , which in turn influences the severity and distribution of their fractures.
Skeletal Fracture Patterns
The pattern of skeletal BFT in this study, that is trauma distributed across the full skeleton with a slightly greater frequency in the thoracic and skull regions, is similar to that found in other fatal high falls (15, 16, 28, 43, 46, 47) . The presence of polytrauma, regardless of the height fallen, surface landed on, or the manner of the death, suggests that all aspects of the skeleton were susceptible to fractures from this fall type. Polytrauma was substantially more present in this study (98.9% of cases) than in other high fall studies (29, 47) . This finding is likely attributed to the fact that most other studies did not include many cases of falls over 25 m in height. It is therefore interesting to note that this study did not show a positive correlation between an increase in the frequency of fractures and an increase in the height fallen (see Fig. 2 ), as has been previously identified (18, 20, 29, 38, 48) . This study did, however, identify a number of significant fracture patterns.
Five General Anatomical Skeletal Regions-Fractures of the skull/cervical vertebrae occurred in almost all fatal falls (83.2%). This statistic is similar to other fatal high falls (20, 28, 38, 43, 49) and other fatal fall types (4) and is an expected finding given head injuries have commonly been associated with mortality in falls. Although different aspects of the skull fractured depending on the height fallen, the manner of death, and the landing surface, none of these patterns were identified as significant. This indicates there was no unique distribution of skull/cervical vertebrae fractures relative to the various circumstances of a free fall when that fall is from a height; a finding in contrast to low (≤3 m) free falls (50) .
The thoracic cavity was the most frequently fractured region of the skeleton (96%). This region, particularly the ribs, has generally been considered the skeletal area that is most commonly traumatized in high falls (24, 29) , and this may be attributed to the rib cage's susceptibility to fractures from almost any landing position. Fractures of this region were more likely to occur in those who jumped than in those who accidentally fell. Similarly, fractures of the rib cage have commonly been found with intentional jumps from heights (14, 16, 17, 24, 38) , with serial rib fractures even being termed the 'hallmark' sign of suicide bridge jumpers (27) , and have been less frequently found in accidental cases (11, 26) . Explanations for this association with suicide may be attributed to the fall height involved. Intentional jumps occurred across all three height ranges, while accidental falls occurred almost exclusively (74%) from only the lowest height range (3-25 m). As a positive correlation has previously been identified between an increase in rib fractures and an increase in the height fallen (18, 20, 49, 51) , fractures of the thoracic cavity are more likely to occur with the greater height fallen, which in this study was almost exclusively cases of suicides.
Upper extremity fractures also commonly resulted from high falls (77%) and were more likely to occur if an individual was under the influence of psychoactive drugs. Given individuals likely had their physical reactions during the fall altered as a result of the effects of psychoactive drugs, one possible explanation for the significance of this variable is as follows. Those individuals overly active would be alert and thus would likely be flailing their arms, during the descent. With arms outstretched from the torso, the upper extremities would be susceptible to experiencing their own direct impact on either the primary and/ or secondary landing positions. For individuals who were overly passive during the descent, it has been hypothesized by Christensen (40) that such individuals, that is those who are less responsive and nonresisting during a fall, tend to land in the more gravitationally aligned position of horizontal. This landing position would ensure the upper extremities are exposed a direct impact on landing.
Fractures of the pelvic girdle/lumbar vertebrae require a large amount of force (52) and are often associated with high falls (18, 28, 29) ; a relationship evident in this study with 82% of cases exhibiting fractures of this region. These fractures were more likely to occur in individuals who landed on nondeformable surfaces and/or were under the influence of psychoactive drugs. The nature of the nondeformable landing surface ensures, as previously detailed, that a greater energy is transmitted to this skeletal region, either from a direct impact or indirect axial force, than would be transmitted from a deformable landing surface. Furthermore, the body is susceptible to secondary/bounce impacts when landing on nondeformable surfaces. Multiple landing positions ensure, similar to the thoracic, that the pelvic girdle/lumbar vertebrae are likely to be subjected to force from at least one of these impacts and thus are more likely to fracture. Presence of psychoactive drugs suggests that both vertical and horizontal landing positions may result from an individual's overactive or overpassive behavioral state. Individuals who were more agitated would have been conscious during the fall, so may have been capable of maneuvering their body into the natural feet-first position (e.g., 53), while those who were less able to react are, as previously discussed, more likely to fall in the natural gravitational position of horizontal (40) . In both landing positions, the pelvic girdle/lumbar vertebrae would be susceptible to fractures with indirect axial forces from the vertical landings, and direct forces from the horizontal landings (35, 41) .
Lower extremity fractures typically result from feet-first landings and were the skeletal region most infrequently fractured (68.4%) in this study. The low frequency of these fractures may be attributed to feet-first landing positions more commonly resulting in survival (13); a finding possibly attributed to the body's vital organs not being traumatized from the direct primary impact. Feet-first landings, and thus fractures of the lower extremities, have been commonly found with intentional jumps (11, 42, 43) . Explanations for the relationship between lower extremity fractures and suicides in this study may be because individuals who intentionally jump are generally conscious and aware of what they are doing (53) , as opposed to accidental falls where individuals may be in shock or unconscious, and thus they may be capable of maneuvering into or maintaining an upright body position (e.g., 53). Fractures of the lower extremities were also more likely to result if the landing surface was nondeformable. As previously discussed, the inability of a nondeformable surface to attenuate some of the body's deceleration energy on impact ensures that individuals who land feet-first sustain a greater force to their lower extremities than those who land on a deformable surface would.
Axial and Appendicular Skeletal Regions-The distribution of fractures across the axial and appendicular skeleton showed that trauma always involved some aspect of the axial skeleton in these high falls. Considering these falls were fatal and that the axial skeleton houses the body's vital organs, this finding is unsurprising.
Fractures of both the axial and appendicular skeleton, as opposed to the axial skeleton alone, were more likely to result if an individual landed on a nondeformable surface. This pattern has been well supported in the literature. Fractures of the ribs, skull, and vertebrae (i.e., axial skeleton) have been primarily found with deformable surface landings (14, 27) , while fracture patterns that also involve the extremities have been more commonly associated with nondeformable surface landings (7, 29) . Possible explanations for this are twofold. First, as the physical properties of nondeformable landing surfaces do not attenuate the deceleration energy on impact, there is more energy for the body to attenuate and thus more regions of the skeleton likely to be involved in order for all that energy to dissipate, than required from a deformable surface. Second, as previously detailed, secondary/bounce impacts are only possible with nondeformable landing surfaces. As such, even if the initial fall did only involve the axial skeleton (e.g., head-first primary impact), there would be subsequent impacts to the body and these would likely involve the appendicular skeleton (e.g., the secondary impact would then be falling onto the upper extremities).
Fractures of both the axial and appendicular skeleton were also more likely to occur if the individual intentionally jumped, rather than accidentally fell; a finding further statistically supported with fractures of only the axial skeleton being less likely to occur if the individual intentionally jumped. As previously detailed, the heights fallen in individuals who intentionally jump are typically greater than the heights involved for accidental falls. Consequently, the greater heights for the intentional jumps generate a greater vertical deceleration force on impact, which likely result in a wider distribution and greater severity of fractures than in accidental falls. This observation has previously been found in both clinical (26) and mortuary (29) contexts. Furthermore, the feet-first landing position, which has been associated with intentional jumps (11, 26) , is a landing position that results in fractures of both the appendicular and axial skeleton. The lower extremities are susceptible to direct impact forces with the axial skeleton subjected to indirect axial forces, and/or direct forces from a secondary impact where the individual then falls anteriorly or posteriorly onto the torso.
Unilateral and Bilateral Skeletal Regions-Bilateral fractures of the postcranial skeleton were, as has also been found by Petaros et al. (29) , more likely to result in individuals who intentionally jumped. This finding suggests, and further supports the previous hypothesis, that when an individual intentionally jumps, they tend to do so from greater heights than accidental falls and so they generate a greater vertical deceleration force on impact. In order for the body to attenuate this greater deceleration energy, it is likely both sides of the skeleton would be required to dissipate these forces. Bilateral fractures were also more likely to occur if the landing surface was nondeformable, a result further supported statistically by unilateral fractures being less likely to result from landing on nondeformable surfaces. This finding also reinforces previous discussion points that a body landing on a nondeformable surface will experience secondary/ bounce impacts, and that with multiple impacts, both sides of the skeleton would likely be affected.
Bilateral rib fractures were more likely to occur in individuals who intentionally jumped. This fracture pattern indicates a direct impact to the thorax, either anteriorly or posteriorly, a finding further supported by the relatively high frequency of sternal (36%) and scapula (55%) fractures in this study. Although there was no statistical correlation between bilateral rib fractures and height, a finding dissimilar to Petaros et al. (29) and Atanasijevic et al. (51) , their association with intentional jumps, which are usually from greater heights than accidental falls, suggests they may be indirectly associated with height. Bilateral rib fractures were also more likely to result from landings on nondeformable surfaces. This may be attributed to the thorax's susceptibility to anterior/ posterior direct impact, and thus bilateral fractures, from both primary landing positions (i.e., horizontal) as well as secondary landing positions (i.e., falling anteriorly or posteriorly after a vertical landing) (41) , when the surface is nondeformable.
Upper extremities were also more likely to fracture bilaterally if the individual intentionally jumped. This may be because individuals are often conscious and aware of their fall when intentionally jumping (e.g., 53) and so, when conscious, it is a natural instinct for a person to outstretch their arms on impact. Unilateral upper extremity fractures also become less likely to occur as the height of the fall increases. As previously discussed, the greater the height fallen the greater the deceleration energy is on impact for the body to attenuate, and thus, it is less likely only one side of the body would be sufficient to absorb all of that force and thus fracture.
Bilateral fractures of the os coxae were more likely to occur as the height of the fall increased, a finding further supported by unilateral os coxa fractures being less likely to occur as the fall height increased. This may be attributed both to the pelvic girdle being more likely to fracture as the height of a fall increases (29) , and because bilateral fractures may result from both direct forces (i.e., horizontal impacts) and indirect forces (i.e., vertical impacts).
Unilateral fractures of both the ribs and the os coxa were less likely to occur in individuals with high BMIs, a finding that was further supported by the pattern of bilateral rib fractures being more likely to occur in individuals with high BMIs. Individuals with high BMIs will have generated a greater impact force as a result of their larger body mass (34, 36) . This greater impact force would likely involve more aspects of the body to absorb the force (i.e., both sides of the skeleton) than would be necessary for an underweight/normal weight individual. Unilateral fractures of the os coxa were also less likely to occur in the older (≥35 years) individuals. Given this study population mostly included young and middle-aged adults, biological differences with age are unlikely to influence fracture patterns. Rather, this may suggest that older individuals were less likely to be landing laterally than the younger individuals.
Bilateral fractures of the lower extremities were also more likely to result in individuals who intentionally jumped rather than accidentally fell, and in those who landed on nondeformable surfaces compared to those who landed on deformable surfaces. This finding further reinforces previous discussion points that suicide jumps tend to result in feet-first landings (11, 26) and that this landing position often results in lower extremity fractures (41) . As previously discussed, this relationship may be because these individuals were conscious during their falls and so were capable of controlling their body movement (e.g., 53), and/or because they may have already been aligned in the feet-first position as that was the position they initiated the fall in. Furthermore, feet-first landings onto nondeformable surfaces mean the feet, a relatively small surface area (35) , are required to absorb all generated deceleration force on impact, unlike landings on deformable surfaces. As this high degree of force is only transmitted through the feet, it is likely both lower extremities would be required to absorb the force and thus they would both fracture.
Overall, the lack of unilateral fracture distributions in this study, as most patterns resulted in bilateral trauma, suggests individuals do not have a tendency to land on one particular side of the body. It has been previously hypothesized by Kremer et al. (54) and further suggested by Abel and Ramsey (27) and Teh et al. (26) , that the lateralization of trauma may be related to a person's dominant side, which for most individuals is the right; a hypothesis the results of this study do not support.
Limitations
In addition to the methodological limitations identified with using the VIFM PMCT data outlined previously, there were a number of limitations in this study that influence the contextual interpretations of the identified skeletal fracture patterns. First, the nature of the retrospective data collection means only the details of the fall event reported in the NCIS were able to be accounted for in this study. Variables such as the position of the body on impact (35, 44) and the influence of aerodynamic drag and wind shear during the fall (34, 35, 37) , all of which have been noted to be extrinsic variables that will influence trauma in cases of high falls, were unable to be accounted for as they were rarely documented in the NCIS. Second, the small sample size (n = 95) and the categorical nature of most variables in this study, meant variables had to be grouped into relatively broad subcategories. For example, to cover the height range of 3-97 m in this study, heights were grouped only into three categories, even though the principles of physics dictate that within each height range (e.g., 3-25 m) there will be substantial variation in the amount of energy generated as a result of the fall height. Consequently, it is acknowledged these generalized categories mean some detail is lost in contextualizing and interpreting the resulting fracture patterns.
Conclusion
Skeletal BFT resulted from every case of a fatal high (˃3 m) free fall. Trauma was almost exclusively polytrauma that involved, at a minimum, the individual's axial skeleton. The distribution of these fractures was primarily informed by the extrinsic variables of the fall (i.e., fall height, landing surface, and manner of death). A number of fracture patterns characteristic of this fatal fall type were identified. In the context of all extrinsic and intrinsic variables, key observations comprise:
• Thoracic fractures were more likely to result from intentional jumps than accidental falls;
• Pelvic and lower extremity fractures were more likely to result if the landing surface was nondeformable;
• Both axial and appendicular fractures together were more likely, and axial fractures alone were less likely, to result if the fall was intentional (i.e., jump) and the landing surface was nondeformable; and
• Postcranial fractures were more likely to result bilaterally if the fall was intentional, the landing surface was nondeformable, and the height fallen was over 25 m.
To fully augment these identified fracture patterns, further contextual investigation into the pathophysiology of skeletal trauma from high falls is required. The biophysical principles of impact force, impact energy, duration of impact, and force distribution, as outlined in Warner and Demling (34) and Tan and Porter (36) , are beyond the scope of this study but are nonetheless recommended for future work.
In conclusion, this contextual and detailed analysis of skeletal fractures further validates and augments the BFT patterns reported in the clinical and forensic medical literature. Strengthening this current understanding of the possible skeletal fracture patterns resulting from fatal high falls will further assist anthropologists with their interpretations of BFT in cases where the mechanism of a high free fall is suspected to have contributed to an individual's death.
